On continental margins, oxidation of methane-rich fluids from the sediment often leads to formation of authigenic carbonate pavements on the seafloor. The biogeochemical processes involved during this carbonate precipitation are increasingly understood, but little is known about the duration or mode of carbonate crust formation. Here, we report uranium and thorium concentrations and isotope compositions for a set of 14 samples drilled across an authigenic carbonate pavement, which provide the first stratigraphy for a cold-seep carbonate crust. The 5.5-cm thick crust (NL7-CC2) was collected by submersible on the Nile deep-sea fan in an area of active fluid venting. U-Th analyses must be corrected for initial Th and measurement of co-existing sediments indicates the presence of both scavenged and detrital initial 230 Th, which must be considered during this correction. The calculated 230 Th/U age-depth profile for NL7-CC2 provides evidence for continuous downward carbonate precipitation at the studied location over the last ~ 5000 years. Three distinct phases can be distinguished from top to bottom with average growth rates of ~ 0.4, 5 and 0.8 cm/kyr, respectively, corresponding to carbonate precipitation rates ranging from ~ 7 to 92 µmol m 2 h − 1 (rates consistent with previous estimates). High-resolution δ 13 C profiles [Gontharet, S., Pierre, C., Blanc-Valleron, M.-M., Rouchy, J.M., Fouquet, Y., Bayon, G., Foucher, J.P., Woodside, J., Mascle, J., The Nautinil Scientific Party, 2007. Nature and origin of diagenetic carbonate crusts and concretions from mud volcanoes and pockmarks of the Nile deep-sea fan (eastern Mediterranean Sea). Deep Sea Res. II 54, 1292-1311] and major elements across NL7-CC2 show that the variations in carbonate precipitation rates were also accompanied by changes in carbonate mineralogy and fluid composition. We suggest that these changes primarily reflect modification of the diagenetic environment, i.e. a progressive depletion of dissolved sulphate through anaerobic oxidation of methane, caused by the initial carbonate crust formation and the resulting reduction in bioirrigation. Overall, U-Th dating of cold seep carbonates offers a promising tool to bring new insights into biogeochemical processes at cold seeps and to assess the timing and duration of fluid venting on continental margins.
Introduction 31
Cold seep carbonates are a promising archive of past fluid flow and gas hydrate 32 dissociation on continental margins. They typically form in sub-surface sediments at 33 cold seeps, resulting from the microbial oxidation of methane-rich fluids (e.g. Ritger history at a high-resolution temporal scale. 53
The major difficulty in dating cold-seep carbonates is that they often incorporate a 54 significant fraction of detrital sediment (e.g. clays), which represents a major source of 55 initial 230 Th (i.e. not produced by in situ decay). Such detrital 230 Th is accompanied by 56 a much larger amount of 232 Th, because the 230 Th/ 232 Th ratio in most geological 57 materials is ~ 5 x 10 -6 . A typical correction procedure for dating dirty carbonates is the 58 measurement of the isotopic composition of the contaminating phase (i.e. sediment) 59 using isochron techniques (e.g. Luo and Ku, 1991; Bischoff and Fitzpatrick, 1991 ; 60 its own 230 Th/ 232 Th ratios (Lin et al., 1996) . This is the case when carbonates contain a 65 source of 230 Th scavenged from seawater, in addition to detrital 230 Th and radiogenic 66 230 Th (Lin et al., 1996; Henderson et al., 2001 ). Hence, the origin of initial 230 Th in 67 any cold seep carbonate samples must be distinguished in order to obtain reliable age 68 information with isochron methods. 69
70
In this study, we present the first high-resolution stratigraphy for a cold-seep 71 carbonate crust. U-Th carbonate age data were acquired on a series of samples drilled 72 across a carbonate pavement from the Nile deep-sea fan. The U-Th age-depth profile 73 is used together with  13 C (Gontharet et al., 2007) and major element data to determine 74 carbonate precipitation rates and to provide new insights on the factors affecting crust 75 formation at cold seeps. 76 77 78
Description of NL7-CC2 crust 79 80
The carbonate crust analysed in this study was recovered offshore Egypt by 81 submersible during the Nautinil expedition (RV Atalante porous, carbonate-cemented mudstone, covered by a fine layer of Fe-oxyhydroxides 86 (Fig. 2B) . The bulk crust density is 1.6 g cm 3 . Gontharet et al. (2007) showed that 87 crust NL7-CC2 is dominated by aragonite, but exhibits mineralogical variability, 88 characterized by a gradual enrichment in high-Mg carbonate phases from top to bottom 89 (Fig. 2B) . Examination of NL7-CC2 under optical and scanning electron microscopes 90
shows that this change from aragonite to calcite is not due to aragonite recrystallisation 91 (Gontharet et al., 2007) . The ~1-cm top part of the crust is composed of various 92 fragments of chemosynthetic bivalve shells (Vesycomyidae and Thyasiridae; Bayon et 93 al., In press), cemented by aragonite (Fig. 2B ). Upon recovery, numerous living 94 vestimentiferan tubeworms were observed anchored at the base of the crust, which 95 indicate that active fluid venting occurs at that site ( Fig. 2A) areas were selected using scanning electron microscopy and/or electron microprobe 135 analyzer. Great care was taken to avoid sampling of detrital grains (i.e. quartz), 136 biogenic components and cavities (e.g. fossil emplacements of tubeworms), which 137 may be filled with late-stage aragonite (Fig. 1) . About ~ 1 mg of carbonate powder 138 was collected for each of those micromilled samples for U-Th analysis. 139
140
To assess the composition of the detrital end-member and thereby allow an isochron 141 approach, two sediment samples were analysed which were collected using 142 submersible-mounted corers in the studied area, but away from active zones of fluid 143 seepage. These samples -NL14-PC1 and NL7-BC1 -were recovered at ~ 2120m and 144 1620m water depths, respectively, and are reddish-brown foraminiferal and pteropod 145 oozes. The average of their U-series composition was assumed to be representative of 146 the sediment fraction incorporated within the carbonate crust. 147
148
Each sample (i.e. bulk, micromilled, sediment) was dissolved slowly in 7.5M HNO 3 149 and spiked with a mixed 236 U/ 229 Th spike (Robinson et al., 2002) . Any undissolved 150 detrital fractions were transferred into cleaned Teflon vessels and fully digested with a 151 mixed (3:1) HF:HCl solution before being added back into corresponding supernatants. 152
Samples were evaporated, taken up with 7.5M HNO 3 , and diluted with ultrapure water. 153 U and Th were then co-precipitated onto Fe-oxides after addition of 5 mg (2.5 mg for 154 micromilled samples) of ultrapure Fe and precipitation with ammonia. After 24 hours, 155
Fe-oxides were centrifuged, cleaned several times in ultrapure water and dissolved in 156 7.5M HNO 3 . Finally, U and Th were separated chemically using conventional anion 157 exchange techniques adapted from previous studies (Edwards et al., 1986 (Table 1) , can be as high as ~ 12 wt%, increasing 206 progressively with depth (Fig. 3C) In press), providing re-assurance for the validity of the dating approach, and for the 316 suitability of the sediment end-member values used for calculations. Using an end-317 member with typical crustal values, i.e. at secular equilibrium, would lead instead to a 318 much older age of ~ 5.2 kyr BP for the base of the carbonate crust, in contradiction 319 with in situ observation. 320
321
The two-point isochron method used in this study is convenient for acquiring a 322 high-resolution age profile for such 'complex' carbonate archives. However, the 323 uncertainty in the ages calculated with this method depends crucially on the errors 324 assigned to the sediment end-member used for calculations. In this study, the 325 uncertainty in the end-member isotopic composition was taken as the standard 326 deviation (2SD) of the isotope ratios measured for the two sediments analysed. For the 327
Th) sediment ratio, this corresponds to a value of 2.31 ± 0.46. Considering a 328 less conservative error (±1SD) on the sediment U/Th ratios would lead to smaller error 329 bars on calculated isochron ages, such as 2.12 ± 0.84 ka for the sample drilled at 1cm-330 depth (instead of 2.1 ± 1.5 ka), and 0.84 ± 0.64 ka for the sample drilled at 5 cm-depth 331 (instead of 0.8 ± 1.3 ka). 332
333
In order to further assess the suitability of our sediment end-member for calculating 334 isochron ages, its composition was determined indirectly by performing additional 3-D 335 isochron calculations on several sets of carbonate samples drilled at similar depths ofNL7-CC2 crust (hence assumed to have a similar age 
U-Th isotope stratigraphy 353
The 230 Th/U age-depth profile for NL7-CC2 shows that the carbonate crust has 354 grown downward since about 5 ± 1 ka (Fig. 3E) and 0.8 cm/kyr for the bottom cm of the crust, respectively (Fig. 3E) . 362
363
As discussed earlier, the relatively large error bars associated to calculated 364 carbonate ages (on average ±1.3 kyr; Th) of the 366 sediment end-member is not known with accuracy, it is not likely to vary much on the 367 small spatial scale involved in the studied crust. Instead, the detritus at this particular 368 site is most probably characterized by a more constant composition. This suggests that 369 the age of one piece of the crust relative to another is much better known in relativeterms that by taking the difference in the two absolute ages. Hence, we are confident 371 that the changes in growth rate in the crust reported above and discussed below 372 (section 5.5) are robust, at least when described in relative terms. 373 374 375
A record of progressive sulphate depletion 376
The age-depth profile is compared to profiles for carbonate  13 C and carbonate 377 mineralogy (Gontharet et al., 2007) , Sr/Ca and Mg/Ca (Fig. 2) In anoxic or suboxic conditions, it is well known that U is reduced from its 392 hexavalent to its tetravalent state and becomes insoluble. The depth profile for U 393 concentrations across NL7-CC2 (see Table 2 ), indicating increasing U concentrations 394 from top to bottom, therefore would also suggest that a gradual change in chemical 395 conditions occurred during the formation of the crust. This is further supported by the 396 down-crust  13 C profile (Fig. 3D) . Methane-rich fluids on continental margins are 397 characterized by  13 C values ( 13 C from ~ -110 to -30 ‰) much lower than seawater 398 ( 13 C ~ 1‰). Hence, the progressive downward depletion in carbonate 13 C in crust 399 NL7-CC2 indicates an increasing contribution from AOM-derived versus seawater-400 derived carbon in the lower part of the crust (Gontharet et al., 2007) . Overall, these 401 data point clearly toward a progressive isolation of the growing crust from seawater 402 through time. This is consistent with the downward growth of the crust indicated by 403 the U/Th chronology. 404 405
Carbonate precipitation rates 406
Interestingly, variations in mineralogy across crust NL7-CC2 coincide relatively 407 well with the changes in growth rates determined from the age-depth profile (Fig. 3) . 408
In particular, the transition between aragonite and high-Mg calcite in the lower part of 409 the crust corresponds to a shift from fast (~ 5 cm/kyr) to slow (~ 0.8 cm/kyr) period of 410 carbonate formation (Fig. 3E) . Growth rates can be converted into carbonate 411 precipitation rates using the bulk crust density (1.6 g cm 3 ). The carbonate precipitation 412 rates corresponding to the three growth periods in NL7-CC2 average ~ 6 µmol cm after the initial stage of carbonate precipitation (Fig. 5B) . Those results from 465 numerical modeling agree well with the mineralogical and geochemical downward 466 changes observed in crust NL7-CC2. Therefore, the lower rates of carbonate 467 precipitation observed for the top part of the crust could also reflect, at least to some 468 degree, a temporary episode of aragonite dissolution that followed the initial stage of 469 carbonate crust formation ~ 5000 years ago. years, which allowed high AOM turnover and fast aragonite precipitation at the base of 482 crust (Fig. 5B ). However, with time, it is likely that the efficiency of this biological 483 pump has decreased, most probably in response to progressive clogging due to intense 484 carbonate formation (Fig. 5C) . The Nautinil expedition was funded by Ifremer, as part of the MEDIFLUX Project 510 (EUROMARGINS-ESF programme). We thank the captain, the officers and crews of 511 R/V Atalante, the pilots and technicians of Nautile, and the members of the Nautinil 512 scientific parties for their assistance at sea. J. Etoubleau (Ifremer) is thanked for XRF 513 data. A. Mason and N. Charnley (U. Oxford) are thanked for assistance during U/Th 514 analyses and SEM work, respectively. Two anonymous reviewers are acknowledged 515 for providing thoughtful and constructive reviews, which improve significantly our 516 manuscript. 517 Table 2 
